Abstract. To date, there has been little investigation of the risk for drug-drug interactions involving monoclonal antibodies. The present work examined the effects of an anti-vascular endothelial growth factor (anti-VEGF) antibody on the plasma, tissue, and tumor disposition of T84.66, an anticarcinoembryonic antigen (CEA) antibody, in mice. SCID mice bearing CEA-expressing human colorectal cancer (LS174T) xenografts were divided into control and anti-VEGF-treated groups. When tumors reached 200-300 mm 3 in size, 125 I-T84.66 was administered intravenously at 10 mg/kg (400 μCi/kg). Radioactivity in plasma and tissue samples was counted, and T84.66 concentrations were determined. Areas under the concentration vs. time curves (AUC) were calculated. In separate groups of mice, Evans Blue Dye was administered to evaluate the effect of anti-VEGF on tumor vascular permeability. The investigations did not demonstrate significant effects of anti-VEGF therapy on T84.66 pharmacokinetics in plasma or in nontumor tissues. T84.66 plasma AUC (0-10 days) values were 2.37×10 3 ±1.54×10 2 and 2.56×10 3 ±1.01×10 2 nM× day, for the control and treated groups (p=0.148). Conversely, anti-VEGF treatment significantly reduced tumor vascular permeability to Evans Blue Dye by 45.0 % (p=0.0012), and anti-VEGF therapy decreased T84.66 tumor AUC (0-10 days) by more than 60 % (7.27×10 2 ±51.4 vs. 1.98×10 3 ±90.1 nM×day, p<0.0001). Our findings suggest that anti-VEGF therapies may lead to a substantial reduction in the delivery of monoclonal antibodies to tumor tissues. It is interesting and important to note that this pharmacokinetic interaction occurs at the target site, and that no alterations in T84.66 disposition were visible based on assessment of plasma pharmacokinetics alone.
INTRODUCTION
It is very well appreciated that drug-drug interactions (DDIs) may result in serious adverse events and/or in a considerable reduction in drug efficacy. Pharmacokinetic DDI involving small-molecule drugs are often explained through consideration of the mechanisms relating to drug elimination and to drug transport, including the induction or inhibition of drug metabolizing enzymes or drug transport proteins (1) . With increased research and understanding of the mechanisms associated with smallmolecule DDI, there has been a rapid evolution of methods to screen for and to predict significant pharmacokinetic interactions. Moreover, current guidance documents from the Food and Drug Administration (FDA) and the European Medical Agency provide detailed description of steps that may be taken to allow anticipation of DDI between small drug molecules (2, 3) .
With advances in the manufacturing and engineering of monoclonal antibodies (mAbs), there has been a rapid increase in interest in the development and use of mAbs as drugs (4) (5) (6) . mAbs and small-molecule drugs are eliminated via different mechanisms and, consequently, it is recognized that the strategies employed for predicting small-molecule DDI may not be useful for anticipating pharmacokinetic interactions involving mAbs. Due to differences in mechanisms associated with mAb and small-molecule drug disposition, the risk for DDI between mAbs and small-molecule drugs has been generally anticipated to be low (6, 7) , and only a handful of studies have been conducted to investigate the pharmacokinetic effects resulting from the co-administration of mAbs and small-molecule drugs. To the authors' knowledge, DDI involving mAb have not led to specific recommendations for altered drug dosing in any instance, although general warnings regarding potential DDI have been made (e.g.,. within the label for the anti-interleukin 6 receptor antibody, tocilizumab).
With increasing development of mAbs for clinical use, there is an increased probability for administration of small-molecule drugs with mAbs, and for the administration of two or more mAbs in combination therapies. Indeed, in the area of cancer therapy, it has been suggested that combined administration of two or more of anti-cancer antibodies that target different antigens and pathways may lead to enhanced efficacy and attenuated adverse effects (8) . Currently, there are several ongoing clinical trials of combined therapy with anti-vascular endothelial growth factor mAb (anti-VEGF) and other anti-cancer mAbs (8) .
The main objective of the current investigation is to evaluate the effect of administration of anti-angiogenic mAb on the elimination and tissue distribution of a tumor-specific anti-cancer mAb in a mouse model of human colorectal cancer. The results are expected to provide a quantitative evaluation of the potential for pharmacokinetic interactions between anti-VEGF mAbs and mAbs directed against tumor antigens.
MATERIALS AND METHODS
Antibodies, Cells, and Reagents T84.66, a murine anti-carcinoembryonic antigen IgG1 mAb (anti-CEA), was produced from the culture of hybridoma cells (HB-8747TM) purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). T84.66 was purified as described previously (9) . T84.66 binds to human CEA with high affinity (Kd~8 pM, (10)), and demonstrates no cross-reactivity with murine CEA (11) . Bevacizumab, an anti-VEGF mAb (Genentech, South San Francisco, CA), was purchased from a local pharmacy. Human CEA-expressing colorectal adenocarcinoma cells LS174T (CL-188, ATCC) were grown in culture (9) . Sodium iodide (Na 125 I) was obtained from Perkin Elmer Life & Analytical Sciences (MA, USA). Chloramine-T, sodium metabisulfite, Evans Blue Dye (EBD), formamide, and tri-chloro acetic acid (TCA) were from Sigma Life Science (St Louis, MO, USA). Potassium iodide (KI) was from Fischer Scientific (Pittsburg, PA, USA). Bovine serum albumin (BSA) was purchased from US Biological (Swampscott, MA, USA). The solutions used in the current experiments were phosphate-buffered saline (PBS) and 0.9 % sodium chloride.
Animals
Male severe compromised immune-deficient (SCID) mice (C.B-17/IcrHsd-Prkdc SCID ), 4-5 weeks of age, were purchased from Harlan (Indianapolis, IN, USA). The mice were housed individually in autoclaved filtered top cages under sterile conditions and maintained on a 12-h light/12-h dark cycle. Mice were fed autoclaved laboratory animal chow and water ad libitum. All animal experiments were approved by the Institution of Animal Use and Care Committee at the State University of New York at Buffalo.
Iodination of IgG
T84.66 was labeled with 125 I using modified Chloramine-T method as described previously (12) . In brief, 10 μl of Na 125 I (100 mCi/mL) and 40 μl of T84.66 (~1 mg/mL) in PBS were incubated for 90 s with 20 μl of Chloramine-T (1 mg/mL in PBS).
The oxidation reaction was stopped by the addition of 25 μl Nametabisulfite (1 mg/mL in PBS). Then, 40 μl KI (10 mg/mL in double-distilled water) was added to the mixture. 125 I-T84.66 was separated immediately by loading the mixture on a Sephadex G-25 column (GE Healthcare, NJ, USA). Radioactivity associated with the collected protein fractions was counted using a gamma counter (LKB Wallac 1272, Wallac, Turku, Finland). The purity of the labeled preparation was assessed using thin layer chromatography (PE SiL-G, Whatman Ltd, Kent, England). Labeled antibodies were stored at 4°C and used within 2 days after filtration.
Development of Xenograft Model
LS174T cells in sterile PBS were injected subcutaneously into the left flank of SCID mice (~2.0×10 6 cells/mouse) and tumor growth was monitored.
Effect of Anti-VEGF Treatment on T84.66 PK After inoculation with tumor cells, mice were divided into control and anti-VEGF-treated groups (n=24/group). The Anti-VEGF group was treated with 5 mg/kg bevacizumab intra-peritoneally (IP) twice weekly. Anti-VEGF treatment was started 4 days after xenograft implantation and continued until mice were sacrificed. Animals from the two groups were monitored for tumor size and body weight. Tumors diameters were measured using a vernier caliper and tumor size was calculated as: tumor volume mm
, a and b are the tumor width and length. Starting a few days prior to the initiation of the study, all animals were kept on sterile KI water (0.2 g/L) to block the uptake of free iodine into the thyroid and other tissues.
When tumor size reached~200-300 mm 3 , 10 mg/kg of unlabeled T84.66 plus a tracer dose of 400 μCi/kg 125 I-T84.66 (~10 μCi/mouse) was administered to mice via the penile vein. Sub-groups of three mice were sacrificed at predetermined time points (1, 3 , and 8 h and 1, 2, 4, 7, and 10 days). Samples of blood, tumor, spleen, kidneys, liver, heart, lungs, gastrointestinal tract (GI) tissue, muscle, and skin were harvested. Tissues were blotted dry on tissue paper and weighed. Plasma samples (20-60 μl) were precipitated using TCA. Briefly, 200 μl of 1 % BSA and 700 μl of 10 % TCA in PBS were added to plasma samples. Samples were mixed and incubated on ice for 15 min. Samples were then centrifuged for 5 min at 14,000 rpm. The supernatants were discarded and the pellets were washed thrice with PBS. Plasma TCA-precipitable radioactivity and tissue radioactivity were counted using a gamma counter. Radioactive counts were decay and background corrected, and T84.66 concentration was determined. The densities of all tissues were assumed to be 1 g/mL.
Noncompartmental Pharmacokinetic Analysis
Mean areas under the concentration-time curves (AUC 0-10 days ) for plasma and each of the tissues and the associated standard deviations were calculated using a modified Bailer method (13, 14) , as implemented in the noncompartmental pharmacokinetic analysis (NCA) for sparse samples module in WinNonlin 6.1 (Phoenix, Pharsight Corporation, Palo Alto, CA). Tissue to plasma AUC 0-10 days ratios were calculated, and the associated variance was calculated using the method of error propagation for ratios (15) . Plasma clearance (CL p ) and volume of distribution at steady state (V ss ) were also determined using NCA.
Effect of Anti-VEGF Treatment on Tumor Vascular Permeability to EBD
Tumor cells were injected subcutaneously as described above, and animals were separated into two groups: control and anti-VEGF treated (n=4 mice/group). Mice in the anti-VEGF-treated group received bevacizumab (5 mg/kg, IP twice weekly) starting 4 days after xenograft implantation. The control group did not receive any treatment. On day 17 post implantation, 60 mg/kg of EBD (pre-filtered solution in 0.9 % sodium chloride solution) was injected intravenously into mice from the two groups. One day post-EBD injection, mice were perfused with 0.9 % sodium chloride solution and tumor tissues were harvested, blotted dry, and weighed. Tumor tissues were mixed with formamide and homogenized using tissue tearor® (Biospec Products, Bartlesville, OK). The tumor homogenates were incubated at 70°C for 24 h to extract the dye. Homogenates were then ultra-centrifuged (45,000 rpm for 2 h, L7-ultracentrifuge, Beckman Coulter Inc, Fullerton, Ca) (16) .
A standard curve was constructed for the UV absorbance of EBD in formamide, at 620 nm, using a UV-spectrophotometer Gensys-6 (Thermo Electric Corporation, Madison, WI, USA). The standard curve was linear in the range of 0-30 μg/mL EBD in formamide. EBD UV absorbance at 620 nm was measured for the collected supernatant of tumor tissues. Background absorbance values of tumor tissue preparations were determined from the UV absorbance of blank samples, containing no EBD, after ultracentrifugation. The background absorbance was subtracted from the absorbance of EBD extracts, and the EBD concentration in each sample was determined using the standard curve of EBD in formamide. With these data, EBD concentrations in tumor tissues (milligrams of EBD per gram of tumor) were calculated. 
Statistical Analysis
The AUCs and the AUC ratios for the control and treated groups were compared statistically using Student's t test (Graph Pad prism, Graph Pad, San Diego, CA). EBD concentration (milligrams of EBD per gram of tumor) from the control and anti-VEGF-treated groups were compared statistically using Student's t test (Graph Pad prism). The significance level of α= 0.05 was employed for all tests.
RESULTS

T84.66 Pharmacokinetics and Tumor Disposition
T84.66 IgG pharmacokinetics were investigated at a dose of 10 mg/kg in control and anti-VEGF-treated SCID mice bearing human colorectal adenocarcinoma xenografts. T84.66 concentrations in plasma, skin, muscle, spleen, kidneys, liver, heart, lungs, GI, and tumor were measured. The plasma and tumor concentration vs. time profiles for T84.66 in the control and anti-VEGF-treated groups are shown in Figs. 1 and 2 . NCA of T84.66 plasma concentration-time profiles are summarized in Table I . The plasma AUC (0-10 days) ±SD were 2.37×10 3 ±1.54×10 2 and 2.56×10 3 ±1.01×10 2 nM×day for the control and anti-VEGF-treated groups (p =0.148, n=3). Estimates for CL p and V ss , as determined with the sparse sample NCA module of WinNonlin, were 0.0219 l/day/kg and 0.135 l/kg for the control group, and 0.0223 l/day/kg and 0.117 l/kg for the anti-VEGF-treated group. To obtain an estimate of the variability in CL p , clearance was also estimated with the use of AUC (0-10 days) data, where variability was calculated based on the standard deviation of the AUC estimates, using the error propagation method and assuming no error in the dose (Table I ). This analysis did not identify significant differences in CL p in animals treated with anti-VEGF vs. control animals. Additionally, based on the AUC (0-10 days) (Figs. 3 and 4) and on the tissue/plasma AUC ratios (Table II) , anti-VEGF therapy did not lead to significant effects on T84.66 disposition in non-tumor tissues.
Conversely, the T84.66 AUC (0-10 days) in tumor tissues were significantly different for the control group as compared to the anti-VEGF-treated group (1.98×10 3 ±90.1 and 7.27× 10 2 ±51.4 nM×day, p<0.0001). The T84.66 tumor to plasma AUC (0-10 days) ratio was reduced by~66 % in the anti-VEGFtreated group (p<0.0001). Tumor to plasma concentration ratios, determined at all investigated time points, are shown in Fig. 5 . Comparison of the tumor-to-plasma ratios between the two groups showed a significant reduction in the mean ratios at 3 and 8 h and 1, 2, 4, 7, and 10 days, (p<0.05). There was no significant difference at 1 h post-dose (p=0.0741). The mean tumor to plasma ratio was higher than 1 at several time points for the control group, while the ratio was less than 1 at all investigated time points for the anti-VEGF-treated group.
Of note, all animals were treated with T84.66 when tumor size was within the range of 200-300 mm 3 . However, with time following T84.66 administration, tumor size increased more rapidly and showed greater variability in control mice vs. in anti-VEGF-treated mice, Fig. 6 . For example, the mean weights (±SD) of tumors harvested from the control group at 10 days post-dosing was 2.03±0.335 g, while the mean tumor weight for the anti-VEGF treated group was 0.833±0.0641 g.
Tumor Vascular Permeability to EBD
Treatment of animals with anti-VEGF resulted in a significant 45.0 % reduction in the tumor permeability to EBD. As shown in Fig. 7 , the mean EBD concentrations (mg/g tumor) ± SD for the control and for the anti-VEGFtreated groups were 0.0814±0.011 and 0.0448±0.00637 (p= 0.0012). Mean weights (±SD) of the collected tumors were 0.719±0.0985 and 0.593±0.099 g for the control and for the anti-VEGF-treated groups (p=0.121, n=4/group).
DISCUSSION
Interest in the development of protein therapeutics is growing rapidly. As assessed from evaluation of Biologics License Applications (BLAs) through February 2010, 76 therapeutic proteins have been approved by the FDA for treatment of various conditions (7) . The approved proteins include monoclonal antibodies and antibody derivatives, cytokines, growth factors, enzymes, receptors, and other classes of proteins (7). Only limited information regarding DDIs of therapeutic proteins has been typically provided as part of the BLA, and FDA guidelines contain minimal instructions on protein interaction studies (2) . However, there is growing interest and concern regarding possible interactions between mAbs or between mAbs and small drug molecules (5, 7, 17, 18) .
Consideration of the primary mechanisms of mAb disposition may guide DDI investigations, and also allow for an a priori evaluation of pharmacokinetic drug-drug interaction a CL value was calculated using dose/AUC (0-10 days) .SD was calculated using the method of error propagation assuming SD associated with dose=0 potential. Key determinants of mAb disposition include the determinants of receptor-mediated transport of mAb, interactions between mAb and target proteins, binding of mAb to host "anti-drug" antibodies, and the rate-limiting factors associated with convective transport of mAb in tissues (i.e., tissue blood flow, hydrostatic pressure gradients, oncotic pressure gradients, vascular density, and vascular porosity) (19, 20) . Receptor-mediated endocytosis and transport of IgG antibodies may proceed by interaction of the Fc region of IgG with Fc receptors, which include Fc-γ-receptors (FcγR) and the neonatal-Fc receptor (FcRn). While the role of FcγR in the in vivo elimination or tissue distribution of antibodies is not well characterized in literature, it is clear that FcRn plays a major role in recycling and protecting IgG from tissue catabolism (21, 22) . Antibody processing by FcRn may be affected by significantly altering the total body load of IgG, or by altering FcRn expression or function. Given the very high concentrations of endogenous IgG that are typically present in mammals (~10 mg/mL in plasma), large doses of exogenous antibody are required to lead to significant increases in the total body load of IgG and to significant effects on mAb processing by FcRn. For example, following intravenous immune globulin therapy (IVIG), which typically calls for administration of pooled human IgG at a dose of 2 g/kg, peak plasma concentrations of IgG may be expected to increase by~400 %, potentially leading to increased FcRn saturation and to a decreased efficiency of FcRn-mediated salvage of IgG. Indeed, in preclinical experiments conducted in rats, 2 g/kg doses of IVIG led to a~240 % increase in the clearance of a monoclonal anti-platelet antibody (7E3) and significantly attenuated 7E3-induced immune thrombocytopenia (23) . Similarly, the administration of an anti-FcRn mAb, 4C9, resulted in a dose-dependent increase in mAb elimination in a preclinical rodent model (24) .
Co-administration of antibodies that bind to the same targets/antigens may affect the kinetics of target-mediated disposition. The extent of such an interaction is likely dependent on the quantity of target antigens, the accessibility of the antigens to antibody, and the turnover rate of the target antigens. To the authors' knowledge, no convincing data have been published to demonstrate mAb DDI involving TMD. However, it is possible that the reported interaction between trastuzumab and paclitaxel, where trastuzumab plasma concentrations were 1.5-fold higher when administered with paclitaxel (25) , is related, in part, to a decreased rate of target-mediated Values in the parentheses represent SD trastuzumab clearance. It is plausible that the elimination of cells expressing HER-2, the pharmacological target of trastuzumab, via paclitaxel-induced cytotoxicity, contributes to the apparent decrease in trastuzumab clearance. Chronic therapy with mAb often leads to the development of endogenous antibodies directed against the therapeutic antibody. In many cases, binding of the mAb to the anti-drug antibodies (ADA) leads to rapid clearance and, consequently, therapies that affect ADA development may affect mAb pharmacokinetics. This mechanism may be responsible for the observed effects of methotrexate on adalimumab and infliximab pharmacokinetics. Methotrexate therapy has been shown to decrease the mean clearance of adalimumab by 29 and 44 % after single and multiple dosing (24) and, similarly, infliximab plasma concentrations were found to be significantly increased in patients receiving coadministration of low doses of methotrexate (25) . This mechanism may be expected to lead to decreased variability in mAb clearance (by muting or diminishing clearance associated with ADA).
Determinants of the convective transport of mAb (i.e., blood flow, pressure gradients, vascular porosity) are typically viewed as "large capacity" processes that are unlikely to be affected by co-administered drugs. It is well appreciated that mAb penetration into tumor depends on the degree of vascularization of the tumor, tumor blood flow rate, the "leakiness" of the tumor vascular endothelium, as well as hydrostatic and oncotic pressure gradients (26) . As tumors grow, VEGF is released in the tumor milieu, where VEGF binds to specific receptors on the tumor vascular endothelium, and then initiates a cascade of intracellular signals leading to tumor sprout (27) . This sprout is associated with irregular growth of a leaky and more porous tumor vasculature, which facilitates the penetration and accumulation of macromolecules inside the tumor. The lymphatic vasculature of the tumor is also irregular with inefficient lymphatic drainage, leading to increased accumulation of macromolecules and higher interstitial fluid pressure (28) .
Anti-angiogenic therapies, such as anti-VEGF mAb, affect neovascularization in tumors, normalize the tumor vasculature (29) , and suppress tumor growth (30) . Normalizing the tumor vasculature entails minimizing and homogenizing the vascular pore sizes, reducing the vascular tortuosity, increasing the peri-vascular cell density, establishment of a Fig. 5 . T84.66 tumor to plasma concentration ratios for control and anti-VEGF-treated mice. Bars represent the mean tumor to plasma concentration ratios for the control (black) and anti-VEGF treated (gray) groups. The error bars represent the standard deviation of the mean ratios at each time point. Ratios at each time points were compared between the two groups using Student's t test. At t=1 h, ratios were not significantly different (p=0.0741). Ratios were significantly different at 3 h-10 days (p<0.05) basement membrane in the vascular endothelium, and reducing vascular density. In combination, these effects are expected to decrease vascular permeability (29, 31, 32) . Indeed, prior work from our lab showed that anti-VEGF resulted in a significant (65 %) reduction in tumor vascular density within an ovarian cancer A2780 xenograft model (32),
and our current results demonstrate a 45.0 % reduction in the permeability of Evans Blue Dye in LS174T xenografts.
For small drug molecules, decreased tumor vascular permeability and blood flow, as achieved with administration of anti-VEGF mAb, has been hypothesized to lead to a decrease in the exit rate of drug from the tumor (32) (33) (34) (35) . For example, anti-VEGF mAb therapy was proposed to, and subsequently demonstrated to, lead to an enhancement of drug exposure in tumors following regional chemotherapy (32) . However, for macromolecules, where uptake is largely dependent on the leaky tumor vasculature, we hypothesized that anti-VEGF-induced decreases in tumor vascular density and permeability would lead to a decrease in the exposure of co-administered anti-tumor mAb.
We found that T84.66 disposition in plasma and nontumor tissues was not affected by the co-administration of bevacizumab; however, consistent with our hypothesis, we found that anti-VEGF treatment significantly lowered the overall tumor exposure of T84.66. It is important to note that while the effects of anti-VEGF on the tumor vasculature provide a logical explanation for the observed data, other mechanisms may also contribute. For example, it is possible that anti-VEGF treatment alters CEA expression or shedding, which was not measured in this study. The lack of effect of anti-VEGF on T84.66 exposure in non-tumor tissues is consistent with prior demonstrations that anti-VEGF therapy does not affect the vasculature of non-tumor tissues (36) .
To allow collection of blood, tissue, and tumor samples, animals were sacrificed, in groups, at each time point. As such, complete time courses of plasma concentration data are not available for individual animals. Noncompartmental analysis methods (e.g., the Bailer-Satterthwaite Method) for such sparse data have been developed and validated to allow appropriate determination of the inter-subject variability in AUC (and, thus, clearance); however, similar methods have not been developed to allow appropriate determination of variability in the apparent volume of distribution at steady state. Without an appropriate measure of the variability in V ss , it is impossible to determine whether there is a significant difference in the mean values estimated in this work (0.135 l/ kg in control animals vs. 0.117 l/kg in animals treated with anti-VEGF mAb).
Although T84.66 was administered to animals bearing tumors within a fairly narrow size range (200-300 mm 3 ), the tumors obtained from the anti-VEGF-treated group were smaller than the tumors collected from the control group at the time of sample collection. This difference is unavoidable due to the effects of anti-VEGF on tumor growth (32) (33) (34) (35) . Relative to large tumors, smaller tumors are expected to have greater vascular density and improved tumor-to-plasma concentration ratios, whereas larger tumors are expected to be more necrotic with regions showing little or no drug exposure (26) . Despite the fact that the tumor sizes were smaller for the anti-VEGF-treated group, the total tumor concentrations of the anti-cancer antibody were significantly lower, and the observed results are inconsistent with a simple effect of anti-VEGF on tumor size.
Although the present work has demonstrated a significant pharmacokinetic interaction in mice bearing human xenograft tumors, it is important to note that our findings may not translate directly to humans. The present results may be dependent on factors that differ between mice and man, including tumor morphology, vascularization, blood flow, and anti-VEGF treatment schedules. Additionally, our study was not structured to evaluate efficacy, and it is unknown whether the pharmacokinetic interaction will lead to a significant, antagonistic interaction in terms of anti-tumor effects. Nonetheless, our results provide strong justification for the evaluation of the pharmacokinetic and pharmacodynamic consequences of combined administration of anti-VEGF mAb and anti-tumor mAb in human patients.
CONCLUSIONS
Our findings demonstrate a highly significant reduction of T84.66 exposure in the target tissue of interest (tumor). This significant mAb-mAb pharmacokinetic interaction suggests that combinations of anti-VEGF and tumor-specific mAb may result in less-than-additive (i.e., antagonistic) effects. Of note, evaluation of T84.66 plasma pharmacokinetics did not reveal any significant effects of anti-VEGF therapy. This finding is of interest, as the present results provide an example where plasma data alone does not allow adequate evaluation of a significant mAb-mAb pharmacokinetic interaction.
